Coronaviruses (CoVs) can cause life-threatening respiratory diseases. Their infectious entry requires viral spike (S) proteins, which attach to cell receptors, undergo proteolytic cleavage, and then refold in a process that catalyzes virus-cell membrane fusion. Fusion-inhibiting peptides bind to S proteins, interfere with refolding, and prevent infection. Here we conjugated fusion-inhibiting peptides to various lipids, expecting this to secure peptides onto cell membranes and thereby increase antiviral potencies. Cholesterol or palmitate adducts increased antiviral potencies up to 1000-fold. Antiviral effects were evident after S proteolytic cleavage, implying that lipid conjugates affixed the peptides at sites of protease-triggered fusion activation. Unlike lipidfree peptides, the lipopeptides suppressed CoV S protein-directed virus entry taking place within endosomes. Cell imaging revealed intracellular peptide aggregates, consistent with their endocytosis into compartments where CoV entry takes place. These findings suggest that lipidations localize antiviral peptides to protease-rich sites of CoV fusion, thereby protecting cells from diverse CoVs.
Introduction
Coronaviruses (CoVs) are enveloped RNA viruses that can infect the respiratory and enteric tracts of birds and mammals. Their virulence to host animals varies from asymptotic to life-threatening, depending on the infecting virus type and on host susceptibility determinants (Channappanavar and Perlman, 2017; de Wit et al., 2016; Graham et al., 2013; Weiss and Navas-Martin, 2005; Weiss and Leibowitz, 2011) . The CoVs are known for their zoonotic transmissibility to humans, as revealed by the sudden emergence of severe acute respiratory syndrome (SARS) in 2002 (Lau et al., 2005; Li et al., 2005) and Middle East respiratory syndrome (MERS) in 2012 (Annan et al., 2013; Anthony et al., 2017; Memish et al., 2014) . Antiviral agents that can limit MERS-CoV and newly-emerging CoV infections will reduce the disease burdens and quell fears about future epidemics originating from zoonotic CoVs.
CoV spike (S) proteins emanate from infecting virus particles, where they adhere to cellular receptors on target cells and then catalyze viral envelope-cellular membrane fusion (Belouzard et al., 2012; Simmons et al., 2013) . Atomic-resolution structures are known for five CoV S proteins (Gui et al., 2017; Kirchdoerfer et al., 2016; Walls et al., 2016a Walls et al., , 2016b Yuan et al., 2017) . They are large~500 kDa homotrimers, with each monomer comprising several domains. The
Receptor-Binding Domains (RBDs) are distant from virion envelopes, while the Fusion-catalyzing Domains (FDs) are virus-proximal and buried underneath the canopy of RBDs. Similar to the fusion-catalyzing proteins of all enveloped viruses, the CoV S proteins are produced in inactive "pre-fusion" states, becoming activated (i.e., capable of catalyzing membrane fusion) only after undergoing structural transitions during cell entry. Environmental factors controlling S protein activation are encountered during cell entry and include cellular receptors, which bind to particular S protein conformations (Gui et al., 2017) and may promote "fusion-ready" states Park et al., 2016; Zelus et al., 2003) . The second factors are cellular proteases, which cleave S proteins and permit further structural changes (Belouzard et al., 2009; Matsuyama et al., 2006; Simmons et al., 2005) . While many details of the structural dynamics remain unknown, current speculations are that receptor binding and proteolysis exposes FDs and allows their hydrophobic "fusion peptide" portions to embed into target cell membranes (Yuan et al., 2017) . The result is a putative alpha-helical "extended fusion intermediate" linking viruses to host cells, which, after an undefined time period, collapses in concert with the coalescence of viral and cell membranes. The post-fusion FDs are highly-stable, permanently inactive, collapsed antiparallel helical bundles (Bosch et al., 2003; Gao et al., 2013; Lu et al., 2014) .
Peptides highly similar or identical to a membrane-proximal portion of S protein FDs can block this fusion process and thereby prevent CoV infections. These~30 amino acid peptides, designated as Heptad Repeat 2 (HR2) peptides, bind to an FD region called HR1, forming antiparallel helical bundles. HR2 peptides only bind to fusion intermediates, not to pre-and post-fusion S proteins, and interfere with refolding into post-fusion FDs, (Bosch et al., 2004; McReynolds et al., 2008; Xu et al., 2004a Xu et al., , 2004b . Many enveloped viruses undergoing similar fusion catalysis, including human immunodeficiency virus (Jiang et al., 1993; Wild et al., 1994) , paramyxoviruses (Lambert et al., 1996; Rapaport et al., 1995; Young et al., 1997) , and flaviviruses (Hrobowski et al., 2005) , are subject to analogous suppression by fusion-inhibitory peptides. However, CoV HR2 peptides inhibit virus infection in the micromolar range (Bosch et al., 2004; Gao et al., 2013; Liu et al., 2013; Lu et al., 2014; Xu et al., 2004c) , and are therefore only weakly antiviral, at least in comparison with HIV-1 gp41 HR2 peptides, which prevent HIV-cell entry when present in low nanomolar concentrations (Wild et al., 1994) .
One explanation for these modest antiviral activities is that the CoV FD intermediates are formed at subcellular locations that are not accessible to the HR2 peptides. These inaccessible locations may be within membrane microdomains (Choi et al., 2005; Earnest et al., 2015; Lu et al., 2008; Nomura et al., 2004; Thorp and Gallagher, 2004) or within endosomes (Bosch et al., 2008a; Kawase et al., 2009; Qiu et al., 2006; Shah et al., 2010; Simmons et al., 2005) . These are protease-enriched locations that one might expect to facilitate S protein activation. Exogenously-added HR2 peptides may not accumulate in these protease-enriched subcellular environments, with the result being somewhat modest antiviral effects. Thus we speculated that the HR2 peptides might have increased antiviral potencies if they were concentrated into the locations where S-directed fusions take place. The present study provides evidence that CoV S proteins must be proteolyzed to form the fusion intermediates that are targeted by HR2 peptides, and evaluates adducts that might concentrate HR2 peptides into protease-rich regions. The findings indicate that lipid adducts greatly increase HR2 peptide antiviral activities, and suggest that the lipidated HR2 peptides accumulate at locations where incoming viruses undergo transitions into fusion intermediates.
Results

Antiviral activities of lipid-conjugated HR2 peptides
The HR2 peptides used in this study were designed by Jiang and colleagues (Lu et al., 2014) , and were engineered to specifically inhibit MERS-CoV (Channappanavar et al., 2015; Gao et al., 2013; Lu et al., 2014) . This study evaluated lipophilic derivatives of these "MERS HR2P-M2″ peptides. The custom-synthesized peptides, prepared by American Peptide Company, Sunnyvale, CA, all included a C-terminal glycine-serine-glycine (GSG) linker, then four ethylene glycols (dPEG4), and then a particular lipid moiety (Fig. 1A) . The lipids were selected on the basis of their incorporation into different membrane microdomains; cholesterol and palmitate were chosen because they embed into lipid rafts (Schumann et al., 2011) and tocopherol was selected for its differential inclusion into polyunsaturated fatty acid (PUFA) enriched non-raft like domains (Atkinson et al., 2010; Raederstorff et al., 2015) . CoV receptors and proteases are transmembrane-anchored and enriched in lipid raft-like microdomains Earnest et al., 2015; Le Naour et al., 2006; Rana et al., 2011) , making it likely that S protein intermediates are formed in these restricted membrane locations. Therefore, HR2 peptides might be extraordinarily antiviral if they were C-terminally embedded in or very near these microdomains, as might be the case for cholesterol and palmitate, but perhaps not for tocopherol-conjugated peptides.
We asked whether the lipid-conjugated MERS HR2 peptides can inhibit CoV infections. The first virus to be evaluated was Mouse Hepatitis Virus (MHV), a beta-CoV with moderate homology to MERS-CoV (van Boheemen et al., 2012) , and having sites to which HR2 binds (i.e., "HR1 target" sites) that are 56% similar to those on MERS-CoV S proteins ( Fig. 1B) . Human HEK293 cells expressing the MHV receptor carcinoembryonic antigen-related cell adhesion molecule 1a (CEACAM1a) (Williams et al., 1991) were incubated for one hour with graded doses of the lipopeptides, and then challenged with recombinant MHV (strain A59) encoding a firefly luciferase (Fluc) reporter (Shulla and Gallagher, 2009) . Infections, as measured by the Fluc accumulations, were potently reduced > 100-and > 1000-fold by 1 μM concentrations of cholesterol-and palmitate-tagged HR2 peptides, respectively ( Fig. 2A) . By contrast, infections were reduced only 10-fold and~2-fold by tocopherol-and dPEG4-tagged HR2 peptides ( Fig. 2A) . The IC90 values for cholesterol-and palmitate-HR2 peptides were1 00 nM. These findings indicated that lipidations potently increased HR2 antiviral activities, and extended their antiviral activities to a CoV that has only moderate identity with MERS-CoV (see Fig. 1B ).
To focus more specifically on virus-cell entry stages, we next asked whether the lipopeptides arrest S protein-driven cell entry. This was accomplished using human immunodeficiency virus (HIV) based pseudo-particles (pps) that contain CoV S proteins. The CoV S proteins transduce HIV genome-encoded Fluc genes, thus Fluc accumulations in target cells reflect S-directed virus entry. We constructed pps displaying MHV (strain A59) S proteins, and then transduced the HEK293-MHV receptor-bearing cells. Subsequently, extents of transduction were measured by luciferase accumulations. The results paralleled those observed in evaluations of authentic MHV infection (compare Figs. 2A and 2B ). These findings demonstrated that the HR2 antiviral effects operate entirely at the cell entry stage, and they also engendered confidence that the pp transductions reflect authentic CoVcell entry events.
Using this validated pp transduction approach, we determined whether HR2 peptides blocked several different S-directed virus entry processes. We constructed pps with control vesicular stomatitis virus (VSV) glycoprotein (G) proteins, or with MERS, SARS, or human CoV strain 229E S proteins. HEK293 target cells for these pps were then established by transfecting the necessary cellular receptors; human dipeptidyl peptidase-4 (DPP4) for MERS pps (Raj et al., 2013) , human Angiotensin-converting enzyme 2 (ACE2) for SARS pps (Li et al., 2003) , and human aminopeptidase N (APN) for 229E pps (Yeager et al., 1992) . These cells were then transduced in the presence of graded HR2 doses. Under these conditions, the VSV pp transductions were unaffected by any HR2 (Fig. 2C ). SARS and 229E pp transductions were significantly reduced only by the palmitate-tagged HR2 peptides (Figs. 2D and 2E; compare zero HR2 to 1 μM palm). However, MERS pp transductions were reduced in a pattern similar to that of MHV, with cholesterol-and palmitate-tagged HR2 peptides having IC50s in the 100 nM range, and the dPEG4-and tocopherol-tagged HR2 peptides having less convincing antiviral effects (Fig. 2F ). These results indicate that the covalentlyattached lipids cholesterol and palmitate significantly increase HR2 antiviral potencies, with palmitate also broadening their antiviral activity spectrums, even to the 229E spikes that have divergent HR1 target sites (see Figs. 1B and 2E).
Relationships between HR2 peptide antiviral activities and CoVactivating proteases
The exceedingly weak antiviral activities of lipid-free dPEG4 peptides appeared inconsistent with a nearly identical HR2P-M2 being able to protect mice from MERS-CoV infection in mouse lungs (Channappanavar et al., 2015) . Therefore we considered whether the HR2 peptides, particularly the lipid-free HR2, might be evidently antiviral in other cell types, and if so, whether particular cellular factors correlate with antiviral effect. Two cell types were selected; Calu3, a human lung-derived cell line (Shen et al., 1994) and Vero81, a standard line for propagating human CoVs. Here we found that the lipid-free (dPEG4) HR2 peptides showed significant antiviral effects in the Calu3, but not in the Vero81 cell lines (Fig. 3A ). This finding prompted attempts to identify the cell type-specific factors that account for the differential HR2 antiviral potencies. For MERS-CoV, the principal cell entry factors include the virus receptor DPP4, and the fusion-triggering proteases Trans-Membrane PRotease (TMPR) Serine Subtype 2 (TMPRSS2) Shirato et al., 2013) , furin (Millet and Whittaker, 2014) , and cathepsin L (Qian et al., 2013) .
Using quantitative RT-PCR, we measured relative transcript levels of these factors in the two cell lines. Of the four factors, TMPRSS2 was clearly the most variable, being undetectable in the Vero81 cell line (Fig. 3B) .
To further address possible correlations between TMPRSS2-like proteases and HR2 antiviral activity, we evaluated MERSpp entry in the presence of camostat, a specific TMPR inhibitor (Shirato et al., 2013 ). In the two tested cell lines, the antiviral activities of camostat The sequences of the designed HR2 peptides and the structures of lipids that are attached to the HR2 peptide are shown. The residues that interact with HR1 target are highlighted in bold font. (B) Sequence similarities between the HR1 targets of MERS-CoV, SARS-CoV, HCoV-229E, and MHV strain A59 are shown. The similarity scores were calculated using Align software (http://www.uniprot.org/align/) and indicate the similarity of each HR1 target to that of MERS-CoV. The residues that interact with HR2 peptides are highlighted in bold font and residues located at non-interacting regions are shaded in gray. and HR2 were roughly similar to each other. Both agents were potently antiviral in Calu3 cells, yet completely inert in Vero81 cells ( Fig. 3C ), suggesting strong correlations between TMPR activities and unlipidated HR2 antiviral activities. We further investigated these relationships by assessing HR2 antiviral activities at different TMPR levels. To decrease TMPRs in Calu3 cells, camostat was added at a dose that reduces MERS pp entry to~10% of normal (Figs. 3C and 3D). MERS pp transductions into Calu3 cells having this diminished TMPR activity were only modestly suppressed about 2-fold by HR2 peptides, while in the control conditions of full TMPR activity, the HR2 peptides suppressed pp entry~10-fold ( Fig. 3D ). To increase TMPRs in Vero81 cells, TMPRSS2 plasmids were transfected, and then the TMPRSS2-positive cells were inoculated with MERS pps and HR2 peptides. MERS pp transductions into Vero cells having ectopic TMPRSS2 were suppressed about 6-fold by HR2 peptides, while transductions into control-transfected Vero cells were unaffected by HR2 ( Fig. 3E) . These results support the hypothesis that S protein cleavages are prerequisites to the S protein conformational changes that generate HR2 peptide-binding sites. The TMPRs mediate this cleavage at cell surfaces, thereby creating binding sites for extracellular unlipidated HR2 peptides.
Inhibition of endosome-localized CoV entry by lipid-conjugated HR2 peptides
In Vero81 cells, MERS pps traffic to endosomes without undergoing fusion-triggering proteolytic cleavages, and then they become fusion-activated by endosomal cysteine proteases (Shirato et al., 2013) . Several other CoVs require a similar endocytosis prior to cytosolic entry (Qiu et al., 2006; Simmons et al., 2005) . We asked whether MERS pp entry through this endosomal route is suppressed by any of the HR2 lipopeptides. The cholesterol-and palmitate-tagged HR2 peptides reduced MERS pp entry into the TMPRSS2-null Vero81 cells (Fig. 4D ), and also suppressed MERS pp entry into several other cell types that are known to allow CoV entry through endosomes ( Fig. 4A -C). Thus it appeared that the lipid adducts brought HR2 peptides into endosomes, where they then bound and inactivated MERS S proteins that had undergone cleavage by endosomal cathepsins.
We further validated this contention by determining whether lipidtagged HR2 peptides specifically block a CoV pp that was engineered to be highly dependent on endocytosis and cleavage-triggering by endosomal cysteine proteases. We constructed a CoV pp that requires endosomal proteases by ablating TMPR-specific S proteolytic substrate sites, leaving only the cathepsin sites available for cleavage-activation. A TMPR and furin substrate site on MERS S, the "S2-prime" cleavage site (Millet and Whittaker, 2014) , was eliminated by mutation from R 884 SAR 887 to S 884 SYG 887 . These "S2′ mut" S proteins were compared with wild-type (WT) S protein-directed pp entry into Caco2 cells. WT MERS pp entry was modestly suppressed by camostat (a TMPR inhibitor), E64d (a cysteine protease inhibitor) and bafilomycin A1 (BafA1, an endosome acidification inhibitor) ( Fig. 5A, black bars) . These findings that any single inhibitor cannot dramatically reduce transduction were indicative of redundant virus entry pathwaysthe WT S proteins can direct Caco2-cell entry by either the TMPR / furin - dependent cell-surface route or the cysteine protease-dependent endosomal route. By contrast, the mutant MERS pps were not suppressed at all by camostat, and were potently blocked by E64d and BafA1 (Fig. 5A, gray bars) . These findings indicated that the S2′ mut proteins require a late endosomal entry process.
With the endosome-requiring viruses in hand, we assessed peptide antiviral activities. The lipid-free dPEG4 peptide inhibited WT MERS pps by 2-fold at 1 µM concentration, but did not block late-entering S2′ mut pps (Fig. 5B ), consistent with "free" extracellular HR2 accessing only those viruses that activate fusion at cell surfaces. Tocopherol tagged peptides reduced WT and mutant MERS pps equally, but with only modest potency (Fig. 5C ). In contrast, cholesterol-and palmitatetagged HR2 peptides potently and similarly inhibited both the WT and mutant MERS transductions ( Fig. 5D and E) .
To determine whether the lipid tags do indeed bring the HR2 peptide into endosomes, lipid-free and cholesterol-containing peptides were biotinylated and then incubated with CoV-susceptible cells. Following cell fixation, fluorescent streptavidin was then applied and immunofluorescence microscopy was used to detect cell-associated peptides. By these methods, lipid-free HR2 peptides were never identified on cells (negative data not shown). By contrast, cholesterol-HR2 peptides, after incubation with cells for 30 min at 37°C, were detected inside cells, as definite puncta, and partially colocalizing with cholera toxin B (CTB), a marker for lipid raft-associated ganglioside GM1 (Fig. 5F, white arrow) . Similar results were observed using biotinylated palmitate-HR2 peptides (data not shown). Collectively, these results demonstrated that the cholesterol or palmitate adducts allowed the antiviral peptides to access endosomes and prevent virus fusion out of endosomes.
Effects of high protease levels on MERS entry and resistance to HR2 peptides
The previous findings demonstrated that MERS pps can avoid untagged HR2 peptides by delaying their fusion triggering to times after endocytosis. We speculated that MERS pps proceeding through fusion triggering with very little delay might also escape HR2 peptides, because their fusion intermediates come and go too quickly for HR2mediated intervention. Very high cell-surface protease levels will accelerate CoV-cell entry (Shirato et al., 2016) . We hypothesized that a protease-accelerated cell entry process might escape suppressive HR2 effects, but we questioned whether lipid-conjugated HR2 peptides might capture and block the fast-entering viruses.
To address this question, we first determined the pace of MERS pp entry into Caco2 cells. To measure entry kinetics, MERS pps were allowed to enter cells for defined periods, and then halted from further entry by adding a protease inhibitor cocktail. The extents of transduction before inhibitor-arrest were then determined 18 h later. In Caco2 cells, which express endogenous TMPR serine proteases, 50% of MERS transduction was acquired by 20 min after 37°C incubation (Fig. 6A , solid line). TMPRSS2 overexpression accelerated virus entry by 5 min (Fig. 6A, dashed line) , while inactivating endogenous TMPR serine proteases with camostat decelerated virus entry by 40 min (Fig. 6A , dotted line). These results were consistent with a recent report on HCoV-229E virus entry kinetics (Shirato et al., 2016) .
In assessing the relationships between entry kinetics and HR2 sensitivity, we found that the unconjugated, as well as tocopherol-and palmitate-conjugated HR2 peptides remained equally antiviral to fast or slow-entering viruses ( Fig. 6B-E) , with the palmitate-HR2 being most antiviral. Notably, the cholesterol-conjugated HR2 showed some differential antiviral activities, being relatively ineffective at blocking the fast-entering MERS pps (Fig. 6D) . These results indicate that virus entry can escape cholesterol-HR2 through rapid entry, but that other lipid tags, notably palmitate, can position HR2s to arrest these quickacting viruses.
Discussion
Enveloped virus fusion-blocking peptides have been evaluated for the past 25 years as candidate antiviral agents (Jiang et al., 1993; Lambert et al., 1996; Rapaport et al., 1995; Wild et al., 1994; Young et al., 1997) . From these studies, it has become clear that the peptides bind and inactivate viral envelope proteins when they are in their transient, "extended" fusion intermediate states (Kielian and Rey, 2006; Netter et al., 2004) . Depending on the infecting virus, these intermediates appear shortly after virus-receptor binding, or they may appear much later, after viruses have been engulfed inside endosomes. Once formed, the intermediates may quickly induce fusion and zip into post-fusion structures, or they may remain for prolonged periods as they wait for adjacent fusion intermediates to accumulate and then cooperate in membrane coalescence and compression into post-fusion forms (Ivanovic and Harrison, 2015) . For example, during HIV entry, envelope proteins convert from pre-fusion to fusion-intermediate forms, and then remain in such forms for extended periods, until a time that they join with neighboring intermediates and cooperatively pull membranes together. This makes for relatively long-lived fusion intermediates that are durable targets for fusion inhibitory peptides (Reeves et al., 2002) . Contrastingly, during influenza entry, envelope proteins convert from pre-fusion to intermediate forms at relatively late times, after virus endocytosis, and then cooperatively transit quickly into post-fusion states. This makes for short-lived, endosomerestricted fusion intermediates that are poorly targeted by fusion inhibitory peptides (Shen et al., 2013; Xu and Wilson, 2011) .
The CoVs are set apart from the HIV and influenza cases by their variable cell entry routes, both rapid, likely cell-surface routes and slower, definitively endosomal routes, depending on the time and place of protease-directed fusion triggering (Millet and Whittaker, 2015) . This makes for CoV fusion intermediates with different dwell times and Caco2 (B) , Huh7 (C), and Vero81 (D) cells were transduced with MERS pps in the presence of increasing concentrations of indicated lipid-conjugated HR2 peptides. After 1 h, unbound MERS pps and HR2 peptides were removed. Virus entry was quantified by measuring luciferase levels at 48 h post-transduction and normalized to entry levels in the absence of HR2 peptides. Error bars present SD from the mean (n = 3). Statistical significance was assessed by student's t-test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. different subcellular locations. Furthermore, the targets of fusion inhibitory peptides on CoV S proteins show considerable variety (Fig. 1B) , and they can even diversify into structures that are resistant to soluble HR2 peptides (Bosch et al., 2008b) . Therefore, it was impressive that we found a single inhibitory peptide, MERS HR2palmitate, and to a slightly lesser extent MERS HR2-cholesterol, blocking so many different CoV S-mediated cell entry processes (Fig. 2) . This broad anti-CoV activity was attributed to the lipid moieties, which we claim are placing the HR2 peptides at or near fusion-triggering proteases. Cholesterol and palmitate associate with lipid rafts (Schumann et al., 2011) , which are enriched with the receptors and proteases that activate MERS-CoV S Earnest et al., 2015; Le Naour et al., 2006; Rana et al., 2011) . Generally, cholesterol-and palmitate-adducts increased HR2 antiviral activity, whereas tocopherol did not (Figs. 2 and 4) . α-Tocopherol is thought to incorporate into PUFA-rich non-raft domains (Atkinson et al., 2010; Raederstorff et al., 2015) , a location that we contend is distant from the CoV fusion-triggering proteases. These findings add to several formative reports demonstrating that lipid tags increase antiviral activities of fusion-blocking peptides (Lee et al., 2011; Porotto et al., 2010) and they suggest that a single lipidated HR2 peptide can suppress a wide range of pathogenic CoVs, even those that have acquired adaptive mutations in their S protein fusion domains Kim et al., 2016; Scobey et al., 2013) .
Cholesterol-and palmitate-conjugated HR2 peptides also inhibited the relatively slow MERS-CoV S-mediated entry that takes place in endosomes ( Figs. 4 and 5 ), suggesting that these two lipids tether HR2 peptides near viruses throughout their endocytosis. That lipid conjugations allow HR2 peptides to accumulate in endosomes, thereby blocking "slow"-entering viruses, has been recently documented (Figueira et al., 2016; Lee et al., 2011) , and is again shown here with the CoVs. However, when the virus entry was accelerated, through TMPRSS2 overexpression, the cholesterol-conjugated HR2 lost much , 10 µM E64d, or 100 nM bafilomycin A1 (BafA1) for 1 h, then transduced with WT or S2′ mutant (S2′ mut) MERS pps, without removing previously applied inhibitors. (B-E) Caco2 cells were transduced with WT or S2′ mut MERS pps in the presence of increasing concentrations of dPEG4 (B), tocopherol (C), cholesterol (D), or palmitate (E) tagged HR2 peptides. After 1 h, unbound MERS pps and entry inhibitors were removed. Virus entry was quantified by measuring luciferase levels at 48 h post-transduction. Error bars present SD from the mean (n = 3). Statistical significance was assessed by student's t-test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Caco2 cells were incubated with biotinylated cholesterol-HR2 peptides at 37°C for 30 min. Cells then were stained for biotinylated HR2 peptide (in red), ganglioside GM1 (in green), and nuclei (in blue). The white arrows point to punctae of colocalizing HR2 peptide and ganglioside GM1. Fig. 6 . Effects of high protease levels on MERS entry and resistance to antiviral HR2 peptides. (A) Caco2 cells were transduced with Ad5-hTMPRSS2 (Caco2/TMPRSS2), or incubated with 100 µM camostat (Caco2+Camo). Cells then were incubated with MERS pps at 4°C for 1 h, then shifted to 37°C at time = 0. At the indicated time points after 37°C shift, cells were treated with an entry inhibitor cocktail (100 µM camostat, 10 µM dec-RVKR-cmk, 10 µM E64d). (B-E) Caco2, Caco2/ TMPRSS2, and Caco2+Camo cells were transduced with MERS pps in the presence of the indicated HR2 peptides. Virus entry was quantified by measuring luciferase levels at 18 h (A) or 48 h (B-E) post-transduction. Error bars present SD from the mean (n = 3). Statistical significance was assessed by student's t-test. ***, P < 0.001; ns, not significant. of its antiviral potential (Fig. 6D) , while the palmitate-conjugated HR2 did not (Fig. 6E ). This may be explained by a broader distribution of palmitate-HR2 on cell surfaces, or a greater capacity for palmitate-HR2 to diffuse rapidly on cell membranes, such that it can quickly engage and inactivate the "fast"-operating viral fusion intermediates. Many CoVs appear to take a fast cell entry route; indeed, HR2 peptides inhibited MHV only within a 5-to 15-min postinfection time period (Shulla and Gallagher, 2009 ), indicating a cell entry process that is significantly more rapid than that of HIV (~75 min) or avian sarcoma and leucosis virus subgroup A (~45 min) (Munoz-Barroso et al., 1998; Netter et al., 2004) . To block both fast and slow-entering CoVs, the palmitate-conjugated HR2 peptides appear to be the superior choice.
The findings in this report also argue that fusion-triggering proteases, by cleaving S proteins at the S2-prime location, will release constraints and allow S proteins to convert into the intermediates that are targeted by HR2 peptides. Previous reports suggested this to be the case (Matsuyama et al., 2010; Ujike et al., 2008) , but have not provided definitive evidence. Here we consistently observed direct correlations between cell-surface, virus-activating proteases and HR2 antiviral potencies (Fig. 3) . Without the S2-prime cleavage substrate, MERS S proteins did not acquire susceptibility to soluble (lipid-free) HR2 peptides (Fig. 5B) . These findings indicate that proteolysis at the S2prime position is required to form HR2-sensitive S protein structures.
The importance of the proteolysis at S2-prime is also evident from S protein structures. The atomic-resolution structures of native CoV S proteins (Kirchdoerfer et al., 2016; Walls et al., 2016a Walls et al., , 2016b ) reveal a complex, folded, and buried set of four consecutive helices that comprise the site to which antiviral HR2 peptides bind. They are held in place, in part, through their interactions with domains that are distal to the virion. In the available post-fusion S protein structures, this HR2 binding site is a continuous helical trimer, with HR2 embedded into interhelical grooves (Gao et al., 2013; Lu et al., 2014) . While the details of the conversion from pre-fusion to fusion-intermediate states are unknown, it is obvious that fairly dramatic conformational changes would be required to release these helices and allow for intervening loop-to-helix transitions, such that a linear helical trimer can form. Current proposed events include receptor-directed stabilization of alternative S protein conformations (Gui et al., 2017) , which may facilitate exposure of the S2-prime cleavage sites (Walls et al., 2016b) . Subsequently, S2-prime cleavage would be expected to liberate the bundle of short helices and loops such that it can extend into a long helical trimer.
In this report, we have identified relationships between proteases, virus-cell entry kinetics, and HR2 peptide-mediated antiviral activities. The likelihood that HR2 peptides will prevent CoV-cell entry depends on the protease-directed timing and location of S protein conversion into fusion intermediates. HR2 peptides have difficulty accessing fusion intermediates that are short-lived, or long-lived but deep within endosomes. Lipid tags on the HR2 peptides can position HR2s on cells, such that they more readily bind to these intermediates and provide a broader and more potent antiviral effect. A final note here is that serine protease inhibitors are being considered as potential antiviral drugs suppressing CoV (Kawase et al., 2012; Zhou et al., 2015) , and influenza (Bahgat et al., 2011; Zhou et al., 2015) . It appears that inhibitors of cell-surface serine proteases can drive CoVs to the slow, endosomal entry routes in which lipid-free HR2 peptides have no antiviral activities. This finding has implications for the use of protease inhibitors and fusion-inhibiting peptides in combination, and argues that lipidated HR2 peptides are a sensible choice for future combination therapies.
Materials and methods
Cells
HEK293 cells were maintained in 293T media (Dulbecco's Modified Eagle Media [DMEM] supplemented with 10% fetal bovine serum [FBS, Atlanta Biologicals, Norcross, GA] , 10 mM HEPES, 100 mM sodium pyruvate, 0.1 mM non-essential amino acids, and 100 U/ml penicillin-streptomycin). Calu3 and Caco2 cells were maintained in Minimum Essential Media (MEM) supplemented with 20% FBS, 100 U/ml penicillin-streptomycin. Huh7 cells were maintained in DMEM supplemented with 10% FBS, 10 mM HEPES, 0.1 mM nonessential amino acids, and 100 U/ml penicillin-streptomycin. Vero81 cells were maintained in DMEM supplemented with 10% FBS, 100 U/ ml penicillin G, and 100 µg/ml streptomycin. Delayed brain tumor (DBT) cells were maintained in MEM supplemented with 5% FBS, 10% tryptose phosphate broth, 2 mM L-glutamine, and 100 U/ml penicillinstreptomycin. Cell culture materials and reagents were obtained from Corning Inc. (Corning, NY) and Hyclone (Logan, UT) unless otherwise noted.
Viruses
Recombinant MHV-A59 containing a Fluc reporter gene was produced and propagated on DBT cells as described previously (Shulla and Gallagher, 2009) . Virus entry was measured by Fluc assay at 5 h post-infection.
Plasmids
DNA encoding codon-optimized MERS-CoV EMC/2012 S (GenBank accession number JX869059) containing a C-terminal C9 tag (pcDNA3.1-MERS S-C9) was purchased from GenScript Inc. (Piscataway, NJ). For the generation of cleavage site mutant MERS-CoV, MERS S-C9 was PCR-amplified with mutagenic primers (Table 1) , and PCR fragments were assembled using Gibson Assembly (NEB, Ipswich, SD). All constructs were confirmed by Sanger sequence analysis. Plasmid encoding C-terminal flag-tagged human DPP4 (GenBank accession no. NM_001935, pCMV6-Entry-hDPP4) was purchased from OriGene (Rockville, MD). pcDNA3.1-SARS-S-C9 and pcDNA3.1-hACE2-C9 plasmids were provided by Michael Farzan, Scripps Research Institute. pcDNA3.1-229E-S-C9 and pcDNA3.1-hAPN plasmids were provided by Fang Li, University of Minnesota. pCAGGS-MHV-S (A59 strain) and pcDNA3.1-mCEACAM were previously constructed (Boscarino et al., 2008) . pHEF-VSV G was provided from BEI resources (Manassas, VA). pcDNA3.1-TMPRSS2-flag was previously constructed (Shulla et al., 2011) . pNL4.3-Luc R-E-was obtained from the NIH AIDS Research and Reference Program, cat # 3418.
HIV pseudoparticle (pp) preparation
To produce HIV pps, HEK293 cells were transfected with pNL4.3-Luc R-E-in conjunction with plasmids encoding MERS-CoV S, SARS-CoV S, HCoV-229E S, MHV S, or VSV G using polyethylenimine (PEI, Polysciences Inc., Warrington, PA). Cell-free supernatants containing pps were collected at 48 h post-transfection, filtered through 0.45 µm syringe filters (Pall Life Sciences, Port Washington, NY), and stored at − 80°C until use. All pseudoviruses were normalized for transducing activities by titration on HEK293 cells expressing appropriate CoV receptors, and were normalized for particle concentration by western blotting using HIV p24 antibodies. 
HIV pp transductions
Target cells were transduced at equivalent input multiplicities for 1 h at 37°C, subsequently washed, and incubated for an additional 48 h. Where indicated, cells were transfected with DPP4, ACE2, APN, CEACAM1a, TMPRSS2-flag using PEI at 48 h before transduction. Where indicated, cells were incubated with indicated concentrations of camostat, E64d, bafilomycin A1 (all from Sigma-Aldrich Corporation) at 1 h before transduction, and then transduced with pps without removing previously applied inhibitors. At the end of transduction periods, cells were dissolved in cell culture lysis buffer (25 mM Trisphosphate [pH 7.8], 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,Ń ,Ń-tetraacetic acid, 10% glycerol, 1% Triton X-100) and luciferase levels were measured by addition of Fluc substrate (1 mM D-luciferin, 3 mM ATP, 15 mM MgSO4·H2O, 30 mM HEPES [pH 7.8]) using a Veritas microplate luminometer (Turner BioSystems, Sunnyvale, CA).
HR2 peptide
The MERS-CoV HR2 peptide (SLTQINTTLLDLTYEMLSLQQVV KALNESYIDLKEL, aa 1251-1286) was designed as described previously (Lu et al., 2014) . Lipid-free and lipid-tagged HR2 peptides were synthesized from American Peptide Company, Inc. (Sunnyvale, CA) and kindly obtained from Dr. Matteo Porotto, Department of Pediatrics, Columbia University. HPLC analyses of each HR2 peptide preparation revealed single uniform peaks reflecting > 99% lipopeptide purities. HR2 peptides were dissolved in DMSO and kept at − 80°C. Cells were incubated with serially diluted HR2 peptides for 1 h at 37°C and then incubated with pps or MHV-A59 without removing previously applied HR2 peptides.
Detection of biotinylated HR2 peptides
For biotinylation of HR2 peptide, 1 μM cholesterol tagged HR2 peptides were incubated with 20 μM EZ-Link Sulfo-NHS-Biotin (Pierce, Rockford, IL) for 30 min at room temperature. Reactions were quenched with glycine. Free biotins were removed using PlusOne Mini Dialysis Kit reagents (Amersham Biosciences, San Francisco, CA).
Caco2 cells were incubated with 1 μM biotinylated HR2 peptides at 37°C. After 30 min, cells were fixed, permeablized, and stained for HR2 peptides and ganglioside G m1 using APC conjugated streptavidin (Southern Biotech, Birmingham, AL) and Alexa Fluor 555 conjugated CTB (Invitrogen, Grand Island, NY), respectively. Cell nuclei were stained with Hoechst 33258 (Invitrogen). The cells were imaged with a DeltaVision microscope (Applied Precision) equipped with a digital camera (CoolSNAP HQ; Photometrics), using a 1.4-numerical-aperture 100 × lens objective. Images were deconvolved with SoftWoRx deconvolution software (Applied Precision) analyzed using Imaris version 6.3.1 (Bitplane Scientific Solutions).
Entry kinetics assay
VSV-based pps were generated as described previously (Park et al., 2016) . Briefly, HEK293 cells were transfected with MERS S-C9 using PEI. At 24 h post-transfection, cells were incubated with VSVluc-ΔVSVG complemented with Junin virus glycoproteins for 1 h. Cells were then rinsed three times with media. Cell-free supernatants containing pps were collected at 48 h post-transfection, filtered through 0.45 µm syringe filters (Pall Life Sciences, Port Washington, NY), and stored at −80°C until use.
For entry kinetics assays, cells were incubated with VSV based pps for 1 h at 4°C. Unbound pps were then removed and cells shifted to 37°C. At indicated time points after 37°C shift, cells were treated with protease inhibitor cocktail (100 µM camostat, 10 µM dec-RVKR-cmk, 10 µM E64d). At 18 h post-transduction, virus entry was measured by Fluc assay.
Real time PCR
Total RNA was extracted from Vero81, Huh7, Caco2, and Calu3 cells using a Qiagen RNeasy mini kit according to the manufacturer's instructions. A total of 500 ng RNA was reverse transcribed using the Thermo Scientific RevertAid RT kit (Waltham, MA). Real-time PCR was performed to quantify mRNA expression levels of DPP4, TMPRSS2, furin, cathepsin L, and hypoxanthine-guanine phosphoribosyltransferase (HPRT) using the primers described in Table 2 and RT 2 SYBR Green qPCR Mastermix (Qiagen). Expression data were normalized to the geometric mean of the housekeeping gene HPRT and calculated with the ddCt method.
Statistical analyses
All experiments were independently repeated at least three times. Data are presented as mean ± standard deviation (SD). Statistical significance was calculated using the Holm-Sidak multiple Student's t-test procedure. A P value of < 0.05 was considered statistically significant. 
